ABSTRACT The standard technical scheme for imaging with an endoscopic optical coherence tomography (OCT) probe is to use a GRIN lens to focus the beam. However, when a long working distance is required of the OCT probe, various factors will affect the imaging quality. Here, we conduct a theoretical calculation to analyze the sensitivity of the GRIN lens and the C-lens of an OCT probe. The sensitivity of ω 0 V s L of the GRIN lens is ten times higher than that of the C-lens. The sensitivity of Z 0 V s L of the GRIN lens is 24 times higher than that of the C-lens. In addition, the sensitivity of the radius of curvature of the C-lens is compared with the sensitivity of the length of the GRIN lens, and the sensitivity for the GRIN lens is about five times higher than the sensitivity of the radius of curvature for the C-lens. Furthermore, fabricating a C-lens-based OCT probe is much cheaper than a GRIN-lens-based one. Hence, our calculations suggest that the C-lens is a better choice for a long-working-distance OCT probe.
I. INTRODUCTION
OCT is a useful tool for imaging biological tissues [1] , [2] . The first reported miniaturized OCT probes are circumferential scanning probes, which use a gradient-index (GRIN) lens to focus the light emitted from the fiber, and a small prism connected to the GRIN lens deflects the light onto the tissue [3] . GRIN lenses commonly have a tiny diameter and flat surfaces at both ends, which is helpful for creating high quality joints between the lens and the prism. The assembling procedure plays a very important role in an accurate probe design. The fabrication of optical probes with specific design parameters relies on high precision probe components [4] . However, circumferential scanning can also be obtained by distally rotating a prism with a micro-motor to scan the light beam in a direction perpendicular to the axis of the imaging probe, and the prism is apart from the GRIN lens so that the flat ends of the optical components are not necessary [5] - [7] . Side scanning probes are usually based on MEMS scanning mirrors to achieve two-dimensional (2D) optical scans [8] - [10] . All reported OCT probes are exclusively based on GRIN lenses and commonly have small imaging areas due to the The associate editor coordinating the review of this manuscript and approving it for publication was Vishal Srivastava.
short working distances [8] - [13] . Duan et al. demonstrated that the longest working distance of a 0.27-pitch (1.955 mm) GRIN lens (n = 1.6164 and g = 0.8521 mm −1 ) is 5 mm [14] . Circumferential scanning OCT probes are extensively applied for imaging hollow organs [15] , [16] . However, OCT imaging of a large lumen brings extra challenges, such as the human esophagus and colon. OCT probes have to achieve a greater than 10 mm working distance because the diameter of the esophagus is approximately 20-25 mm [17] , [18] . Circumferential scanning probes for esophageal OCT images have been demonstrated by some research groups that designed a long working distance [19] , [20] . Kang et al. reported an OCT probe with a 9 mm working distance and balloon-based catheters to provide a real-time surveillance tool for cases of Barrett's esophagus (BE) [21] .
However, designing and fabricating an OCT probe with a greater than 10 mm working distance is a great challenge. Wang et al. report a numerical simulation about an OCT probe with an 11.25 mm working distance based on a GRIN lens length of 0.7 mm (g = 1.372) [22] . Jung W et al. did extensive and elaborate numerical simulations about GRIN lens-based OCT probes with a goal of achieving a single GRIN lens-based probe with a longer working distance and a smaller beam radius by using a longer spacer and an extremely short-pitch GRIN lens. The simulation showed that the GRIN lens should be selected to be extremely short with a pitch under 0.045 [23] . Furthermore, the space between the fiber and the GRIN lens should be more than 7.8 mm, which will result in a large GRIN lens diameter, which contradicts the goal of an endoscopic small size design [23] . So the reported long-working-distance OCT probes based on GRIN lenses all used a compound lens method. Li et al. reported an OCT imaging catheter with a 39 µm spot size at a 9 mm working distance utilizing compounded optical elements of a glass rod and two GRIN lenses [24] , [25] . However, the fabrication procedure is very complicated. The sensitivity of the working distance and beam diameter to the length of the GRIN lens is very high, and the tolerance of the length should be less than 10 µm.
GRIN lenses are the most common optical components for the construction of miniaturized OCT probes [23] - [25] . Commercial GRIN lenses (0.23-0.29 pitch) have a short working distance (less than 6 mm) and a small beam spot size [14] . The longer working distance (∼10 mm) can be achieved by utilizing an extremely short GRIN lens (0.04-0.05 pitch) and multiple GRIN lens [25] . That signifies processing a GRIN rod with a length of 0.5 mm and a tolerance of 10 µm. Both the ultra-short GRIN lens and a compound lens bring great challenges to the processing and assembly of the probe. The processed procedure is so complicated that the rate of production for finished products is very limited. In contrast, C-lenses also are rod lenses, which are widely used in optical communications, which commonly have a longer working distance. In our previous research, a miniature OCT probes can be constructed with low-cost C-lenses and reach long working distances [26] , [27] . Recently, an elegant research demonstrates that nano-optic OCT endoscopic probe has been developed and is used into imaging the human lung tissue specimens ex vivo and the pulmonary airways of sheep in vivo [28] . The working distance of this endoscopic probe is set as 0.5 mm. However, the long-working-distance analysis is not be reached.
An OCT probe contains numerous trade-offs between the working distance and the spot size. In this study, we set a trade-off standard with a 10 mm working distance and a 50 µm spot size. Exhaustive numerical simulations are calculated to compare the differences between the GRINlens-based catheter and the C-lens-based catheter.
II. METHOD
The output beam from a GRIN lens' or a C-lens' rear end is considered to be a Gaussian beam. For a GRIN lens, n is the refractive index of the GRIN lens at the center, g is the gradient constant of the GRIN lens, and L is the length of the GRIN lens. For a C-lens, n is the refractive index, r is the radius of curvature of the rear surface, and L is the length of the C-lens. The diameter of a GRIN lens and a C-lens rod is D. The distance between the fiber end and the lens' front end is defined as b, and this space is filled with air whose refractive index (n 0 ) is 1. The position from the rear surface of a GRIN lens or a C-lens is z, and the spot diameter at position z is defined as ω.
The lateral resolution of a probe is determined by the beam waist, which is the spot diameter on the focal plane. The spot diameter at the beam waist is defined as 2ω 0 , so the spot radius is ω 0 . The distance between the rear surface of a GRIN lens or a C-lens and the focal plane is defined as Z 0 . The parameters of the beam (i.e., z, ω, ω 0 and Z 0 ) can be calculated with an ABCD matrix based on b and the parameters of a GRIN lens (i.e., n, g, L) or C-lens (i.e., n, r, L).
The ABCD matrix of a fiber-coupling-focus module based on a GRIN lens is given by Eq (1), and the calculation details can be found in Ref [12] . In our design, the C-lens optical element is represented by an ABCD matrix, and the endoscopic probe system can be expressed by ABCD matrixes of all the elements. The C-lens ABCD matrix is expressed as:
The ABCD matrix of position Z can be calculated as:
III. RESULTS AND DISCUSSION
The parameter b is the assembled size, which can be adjusted during assembly and processing of the OCT catheter. However, the other three parameters (i.e.,n, g, and L for GRIN lenses, and n, r, and L for C-lens) are innate parameters of the optical lens and are fixed after processing. Commercial GRIN lenses have a fixed central refractive index (n) and gradient constant (g). However, the length of the GRIN lens (L) can be cut and polished. Similarly, the distance between the fiber and the GRIN lens (b) can be adjusted during the assembling procedure. The design goal is that the working distance should be more than 10 mm with a spot size of the beam waist less 50 µm. Hence, the first numerical calculation shows the effects of b and L.
As shown in Fig. 1 , the N.A. of the fiber is 0.14, corresponding to a divergence angle of θ . The diameter of the lens is 0.7 mm to control the size of the whole probe. b is limited by the diameter of the lens, which is the aperture of the whole optical system. The maximum beam diameter in the GRIN lens and the C-lens is limited to ∼80% of the lens diameter. Therefore, the range of b is 0-2.5 mm, since the spot on the head surface is 0.5 mm when b = 2.5 mm. Fig. 2 (II) . In order to achieve a 10 mm working distance, the low pitch GRIN lens is selected. The central refractive index is 1.6164, and the gradient constant is 0.8521. The simulation shows five lengths of the GRIN lens (0.4 mm. 0.5 mm, 0.6 mm, 0.7 mm, and 0.8 mm). The greater GRIN lens lengths correspond to lower peak ω 0 and Z 0 values. From Fig. 2 (II) , Z 0 <0 means that the beam waist is located to the left of the lens' rear surface. The 0.5 mm GRIN lens line is selected as a typical curve, and point A indicates that the beam waist is located at the left-most edge of the lens rear surface. Point B1 stands for the Z 0 = 0 condition, and the corresponding ω 0 has the greatest value (i.e., B2 in Fig. 2  (I) ). Point C stands for the farthest beam waist. The designed requests are ω 0 <0.025 mm and Z 0 >10 mm. The red dashed line in Fig. 2 (I Fig. 2(I, II) .
The relationship between Z 0 and ω 0 is shown in Fig. 2 (III) by synthesizing Fig. 2 (I) and Fig. 2 (II) . The starting points of all curves correspond to b = 0.01 mm, and along the arrow direction, b increases to 2.5 mm at the end of each curve. The points A, (B1, B2) and C in Fig. 2 (I,II) can be contrasted to Fig. 2 (III) , and points B1 and B2 are the same point in Fig. 2 (III), which is the crossover point of the curve line and the x-axis. Fig. 2 (IV) is a local zoom of Fig. 2 (III) to show more detail in the range of ω 0 from 0 mm to 0.03 mm. In Fig. 2 (IV) , the arrow line in the horizontal direction represents the range of ω 0 <0.025 mm, and the arrow line in the vertical direction represents the range Z 0 >10 mm. The critical points n and m are also shown in Fig. 2 (IV) . The parameters of (b, ω 0 , Z 0 ) at point n are (1.92 mm, 0.025 mm, 10.9 mm) and at point m are (1.96 mm, 0.022 mm, 10.0 mm), which indicates that the adjustable range of b is 40 µm. Fig. 2 (IV) also indicates that the length of a GRIN lens has strong restrictions, since the 0.6 mm GRIN lens does not meet requirements and the 0.4 mm GRIN lens only partially meets the requirements. Therefore, the available length of a GRIN lens is confined to the range of 0.5±0.05 mm.
The same numerical calculation and analysis is performed for OCT catheter-based C-lenses, and the results are shown in Fig. 3 . The radius of curvature of the rear surface (r) is −1.8 mm, and the refractive index (n) is 1.74. The lengths of the C-lenses are selected to be 2.0 mm, 2.5 mm, 3.0 mm, 3.5 mm and 4.0 mm. Fig. 3 (I,II) shows the ω 0 and Z 0 values at various b values from 0.01 mm to 2.5 mm with different L values. It is interesting that the shape of all curves at different lens lengths is the same, and the only difference is that these curves translate at the abscissa. The curve of the 0.5 mm GRIN lens is selected as a typical curve. The critical points for the C-lens catheter are n (1.19 mm, 0.025 mm, 14.5 mm) and m (1.48 mm, 0.016 mm, 10.0 mm), which indicates that the adjustable range of b is 300 µm. All five lengths of the C-lens meet the design requirements. The calculated results indicate that the assembling tolerance of a C-lens is much higher than that of a GRIN lens. Furthermore, the available length of a C-lens is much longer than that of a GRIN lens. Fig. 4(I) shows the spot radius at various L values of the GRIN lens and the C-lens. Although the lengths of the GRIN lens and the C-lens are located in different ranges, ω 0 has a similar range. Fig. 4(III) shows the sensitivity of the spot radius with L, but the x coordinate is labeled with ω 0 by changing the L value to the corresponding spot radius. The sensitivity is the differential of the lines in Fig. 4(I) . Similarly, Fig. 4 (II, IV) shows the working distance and its sensitivity to L. The green dashed line in Fig. 4 (I) stands for ω 0 = 0.03 mm, while the dashed line in Fig. 4 (II) stands for Z 0 = 15 mm, and the sensitivity is focused on the range of ω 0 <0.03 mm and Z 0 <15 mm. The critical points are marked as ω G and Z G for the GRIN lens and ω C and Z C for the C-lens. As shown in Fig. 4(III) , the sensitivity of ω 0 Vs L for the GRIN lens is 0.207 mm/mm at ω 0 = 0.02 mm, which indicates that the longitudinal tolerance of the GRIN lens should be less than 5 µm to ensure that the tolerance of ω 0 is less than 1 µm. For the C-lens, the sensitivity is 0.018 mm/mm, so the tolerance can be expanded to 55 µm to ensure the same tolerance of ω 0 . As shown in Fig. 4(IV) , the sensitivity of Z 0 Vs L for the GRIN lens is 24 times higher than that of the C-lens.
The sensitivity of the C-lens is 5 mm/mm at Z 0 = 10 mm, which indicates that the longitudinal tolerance of the C-lens must be 200 µm to ensure that the tolerance of Z 0 is less than 1 mm. However, the value decreases to 8.3 µm to achieve the same precision for the GRIN lens. A processing precision of hundreds of micrometers is easily achieved; however, several micrometers is difficult to realize. A similar analysis has been performed to determine the effect of the radius of curvature of a C-lens, and the results are shown in Fig. 5 . A radius of curvature less than −1.2 mm meets the design requirements, which indicates that the tolerance for the radius of curvature is good enough. The radius of curvature is also dependent on the processing size, so the sensitivity of the radius of curvature of a C-lens is compared with the sensitivity of the length of a GRIN lens. The results are shown in Fig. 6 . The sensitivity of the length of a GRIN lens is approximately five times larger than the sensitivity of the radius of curvature for a C-lens. in Fig. 7(I,II) , and the sensitivities of ω 0 Vs b and Z 0 Vs b are shown in Fig. 7 (III,IV) . In this simulation, the parameters of the GRIN lens are listed as follows: n = 1.6164, g = 0.8521 mm −1 , L = 0.5 mm and b = 0.01-2.5 mm. The most commonly used C-lens is selected for the simulation, and the parameters of the C-lens are listed as follows: n = 1.74, r = −1.8 mm, L = 3.0 mm and b = 0.01-2.5 mm. The results show that the sensitivity of the GRIN lens is about twice as high as that of the C-lens. There is not a great difference in the sensitivity to the assembling precision between the GRIN lens probe and the C-lens probe. The effect of the refractive index is also analyzed in both GRIN lenses and C-lenses. The effect of the central refractive index of both GRIN lenses and C-lenses is shown in Fig. 8 . All the refractive indexes meet the design requirements. Hence, the tolerance of the refractive index is large enough for both GRIN lenses and C-lenses, and the sensitivity is low.
The effect of the gradient constant of the GRIN lens is shown in Fig. 9 . In this calculation, the parameters of the GRIN lens are listed as follow: n = 1.6164, L = 3.0 mm and b = 0.01-2.5 mm. The results show that g = 0.80 and g = 0.85 meet the design requirements. The ABCD matrix calculation method has very small errors because the C-lens is thick. As shown in Fig. 10 (I) , Zemax is used to simulate the optical model of the C-lens catheter. The design parameters are listed as follows: b = 1.4 mm, L = 3.2 mm, r = −1.8 mm, and the glass is selected to be N-LAF3, whose refractive index is approximately 1.74. The distance between the imaging surface and the C-lens' rear surface is 11.2 mm. The result from Zemax shows that the geometrical radius of the spot is 14.0 µm. The rootmean-square (RMS) radius is 9.4 µm, and the airy diameter is 19.08 µm. The modulation transfer function (MTF) of the C-lens catheter is shown in Fig. 10 (II) , and the MTF curve (blue line) well approximates the diffraction limit curve (black line). Therefore, this catheter will present good image performance.
According to the Zemax simulation, we construct an OCT catheter based on a C-lens. The beam analysis and results of the C-lens probe are shown in Fig. 11 . A beam analyzer (Thorlabs, BP209-IR) is used to test the width of the beam at different distances, as shown in Fig. 11 (I) . The Z direction is the beam propagation direction, the X direction is the horizontal direction, and the Y direction stands for the vertical direction. Fig. 11 (I, II) shows the beam profile of XOZ and YOZ at different distances. The 1/e 2 of the peak power is considered to be the beam width, as is shown with the red dashed line. The width of the beam at different locations is shown in Fig. 10 (IV) , which indicates that the beam waist is located at 11 mm and the diameter is 41 µm. Comparisons of the sensitivity between the GRIN lens and the C-lens are listed as follows (Tab. 1 and Tab. 2).
The sensitivity of the C-lens is 5 mm/mm at Z 0 = 10 mm, which indicates that the longitudinal tolerance of the C-lens must be 200 µm to ensure that the tolerance of Z 0 is less than 1 mm. However, the value decreases to 8.3 µm to achieve the same level of precision for the GRIN lens. A processing precision of hundreds of micrometers is easily achieved; however, several micrometer processing precision is difficult to realize.
As the validation of the theoretical calculation, the actual images based on GRIN lens also been acquired in previous research. The working distance is usually less than 6 mm as mentioned earlier [14] . The OCT probe based on the elaborately manufactured GRIN lens can reach approximately 10 mm working distance [25] . Similarly, the actual images has been acquired the images of the endoscopic OCT based on C-lens described as our previous research [26] , [27] . The working distance is approximate 10 mm for imaging the biological tissue. The GRIN lens-based endoscopic OCT probes have high-performance imaging effect in the short working distance. As mentioned above, the fabricated probe in early stage is usually considered as working in a small space, such as intravascular. Furthermore, the GRIN lens is a good choice for proximally driving scanning, because the flat end face of GRIN lenses is easily combined with the prism. GRIN lens is usually and widely used into endoscopic OCT probes. Lastly, the current clinical application aims to image the large-scale space, the working distance is usually large (∼10 mm), such as imaging the digestive tract [17] , [18] . Hence, a longworking-distance probe is important. Due to the low cost and the good imaging performance, the C lens-based endoscopic probe is a better choice for imaging the large-scale working space.
IV. CONCLUSION
For miniaturized OCT probes, the GRIN lens is extensively designed, as has been previously reported. A GRIN lens is the best choice for a catheter with a short working distance, which has been proved by many of studies. However, it is a great challenge to fabricate a probe with a greater than 10 mm working distance probe using a GRIN lens. In this paper, we perform an extensive and elaborate comparison of the long working distance probes using GRIN lenses and C-lenses. There are four parameters that affect the output beam (i.e.,ω 0 and Z 0 ). The assembling size is b, the processing size includes L and r for C-lenses and L for GRIN lenses, and the optical parameters involve n for C-lenses and n and g for GRIN lenses. Our calculations suggest that a C-lens is a better choice for long-working-distance OCT probes.
